Abstract Resurgence of sensitivity of the antibiotics, to which the pathogen had developed resistance in the past, requires special attention for strengthening the reservoir of antimicrobial compounds. Reports in the recent past have suggested that co-trimoxazole (COT) has regained its activity against methicillin resistant Staphylococcus aureus (MRSA). The present study exploited the use of COT in the presence of an antimicrobial peptide (AMP), cryptdin-2 (a murine Paneth cell alpha defensin), in order to reduce the selective pressure of the antibiotic on the pathogen. In vitro antibacterial activity and in vivo efficacy of the combination was ascertained against MRSA induced systemic infection using a murine model. Observations of the present study might help in restoring the regained activity of conventional antibiotics, such as COT, when used in combination with novel antimicrobial molecules like AMPs. This might prove as a viable strategy to eliminate the chances of re-occurrence of resistance due to their multi-prong targeting and synergistically combating infections caused by these resistant pathogens.
Introduction
Staphylococcus aureus, having developed resistance to the first generation antibiotics initially, is gradually emerging not only as methicillin resistant but is also showing decreased sensitivity towards vancomycin [1, 2] . Thus, methicillin resistant S. aureus (MRSA) and vancomycin intermediate S. aureus (VISA)/vancomycin resistant S. aureus (VRSA) mediated hospital or community acquired infections are posing a serious problem for their management. Therefore, there is a need for establishing effective treatment options to combat such infections [3] . This can be made possible, either by revisiting the therapeutic armamentarium or by exploring other agents that can be used alone or in combination with conventional antibiotics. In this context, studies have been carried out using previously efficacious antibiotics, including co-trimoxazole (COT) and clindamycin [4] . COT, a combination of trimethoprim/sulphamethoxazole, an antibiotic in use earlier for several decades, gradually becoming inactive in the recent past, has again demonstrated in vitro effectiveness against S. aureus, as well as resistant MRSA isolates [5, 6] . Studies conducted in Israel indicated a heightened sensitivity of methicillin resistant isolates to COT over the years from 73% in 1994-1998 to 95% in [2001] [2002] [2003] [2004] , with a similar trend observed in the USA as well [7] [8] [9] . The efficacy of COT as a substitute to vancomycin has also been reported against MRSA mediated bacteremia [10, 11] . In view of these reports, it is the right time to make efforts to retain the re-gained efficacy of COT against MRSA. In this context, world-wide, antimicrobial peptides (owing to their direct antibacterial and immunomodulatory properties) are being exploited alone [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] as well as in conjunction with antibiotics against various pathogens including S. aureus [22] [23] [24] [25] [26] in order to reduce the selective pressure of the antibiotic on the pathogen, thereby eliminating the risk of reversal of the sensitive phenotype to the resistant one yet again. As per our previous experience, while exploring the activity of cryptdin-2 (a murine Paneth cell a-defensin) against various pathogens, the peptide was found to exhibit a pronounced activity against S. aureus [22] . All these observations prompted us to validate the potential of COT-cryptdin-2 combination against MRSA mediated systemic infection in mice.
Materials and Methods

Bacterial Strains
Two staphylococcal strains, i.e. S. aureus ATCC 9144 (procured from the Institute of Microbial Technology, Chandigarh, India) and a clinical methicillin resistant strain of S. aureus, MRSA P.E. 9050 (procured from Government Medical College and Hospital, Sector 32, Chandigarh) were employed in the present study. The strains were maintained on nutrient agar slants and plates.
Animals
BALB/c mice of either sex, 4-6 weeks old (18-22 g ), procured from Central Research Institute, Kasauli (India) were used in the present study. Before the start of all experiments, animals were adapted to the conditions of animal room for a week. All the animals received standard pellet diet and water ad libitum. The experimental protocols were approved by the Institutional Animal Ethics Committee, Panjab University, Chandigarh, India (Approval Number-IAEC/411 dated 11/09/2013) and guidelines issued by Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Government of India, on animal experimentation, were strictly followed.
Synthetic Cryptdin-2 and COT
Chemically synthesized cryptdin-2 with amino acid sequence LRDLVCYCRTRGCKRRERMNGTCRKGHL-MYTLCCR, identical to the sequence of mouse Paneth cell cryptdin-2 with disulphide linkages between Cys I -Cys VI , Cys II -Cys IV , Cys III -Cys V was procured from Genpro Biotech, New Delhi, India. It was suspended in 0.01% acetic acid, stored as a stock solution of 1 g/L at -20°C and was used within 3 weeks. The commercially available COT consisting of trimethoprim and sulfamethoxazole in the ratio of 1:5 was used in the current study.
In-Vitro Activity of COT and Cryptdin-2
Minimum Inhibitory Concentration (MIC)
The MICs of both, cryptdin-2 and COT, against both the staphylococcal strains were determined by broth dilution technique as described by us previously [16] .
Fractional Inhibitory Concentration (FIC)
To evaluate synergy between the two antibacterial agents, FIC index was determined by checkerboard microtitre test, using an 8-by-8 well configuration at 64 different combinations as described by us previously [25] .
Scanning Electron Microscopic Analysis (SEM)
The ultrastuctural changes induced by cryptdin-2 and COT, alone as well as in combination, on staphylococcal cells incubated with these agents were studied by electron microscopy. Samples were processed and examined for any change in morphology by a scanning electron microscope (JEOL JEM 1600 model) as described by us earlier [25] .
Evaluation of Efficacy of the Combination using Staphylococcus Mediated Systemic Infection Model
Encouraging results obtained with the cryptdin-2 and COT combination prompted us to study the in vivo efficacy of the combination using a murine model. For standardization of infection model, 0.2 mL of bacterial suspension containing 10 7 CFU/mL of MRSA P.E. 9050 was administered intravenously [27] and systemic infection was confirmed on the basis of isolation and enumeration of bacterial load from livers, spleens and kidneys of infected animals post 6 h of infection. Furthermore, to investigate the efficacy of the agents used, mice were randomly divided into six groups containing 6-8 mice per group. Group 1: Mice in this group served as control and were administered 0.2 mL of PBS. Group 2: Mice were infected with MRSA P.E. 9050 via intravenous route (0.2 ml PBS containing 10 7 CFU/mL). Group 3: Mice were treated with a single dose of cryptdin-2 (5 lg/mouse). Group 4: Mice were treated with COT (9.6 mg/kg body weight). Group 5: Mice were treated with cryptdin-2 (5 lg/mouse) ? COT (9.6 mg/kg body weight). Group 6: Mice were treated with half the respective doses of cryptdin-2 (2.5 lg/mouse) ? COT (4.8 mg/kg body weight). COT and cryptdin-2 were administered intravenously. All mice were sacrificed 12-14 h post therapy and their livers, spleens and kidneys were removed aseptically for assessment of bacterial load in terms of CFU per organ.
Histological Studies
Liver, spleen and kidney tissue samples were fixed in 10% buffered formalin and processed for histological examination by staining with hematoxylin-eosin and thereafter viewing under the light microscope.
Estimation of Biochemical Parameters
Extent of Lipid Peroxidation (LPO)
Lipid peroxidation was estimated as described by Wills [28] . The amount of malondialdehyde-thiobarbituric acid (MDA-TBA) chromophore, an indicator of extent of lipid peroxidation, was estimated using an extinction coefficient of 1.56 9 10 5 M -1 cm -1 . The results were expressed as nanomoles of MDA-TBA chromophore formed per mg of protein.
Estimation of Nitric Oxide Levels
Nitrite levels were measured by a slight modification of the method of Green et al. [29] and served as an indicator of nitric oxide production. The optical density was measured at 546 nm using a standard graph of sodium nitrite.
Estimation of Catalase Activity
The catalase activity was assayed by the method of Luck [30] . Change in absorbance was recorded spectrophotometrically at 240 nm.
Determination of Superoxide Dismutase (SOD) Activity
SOD activity was measured by the method of Kono [31] . Change in absorbance was read at 560 nm for 3 min at 30 s interval. SOD activity was expressed as units of SOD/mg of protein where one unit of activity is defined as the amount of SOD required to inhibit the rate of reduction of nitro blue tetrazolium (NBT) by 50%.
Statistical Analysis
Data were expressed as mean ± standard deviation of three independent experiments. Statistical analysis was done by Student's two sample t test and one way analysis of variance (ANOVA) followed by pair wise comparison procedures (Tukey test) using Jandel Sigma Stat Statistical Software, version 2.0. In all cases, statistical significance was defined as p value of at least \0.05.
Results
Minimum Inhibitory Concentration (MIC)
The MIC of cryptdin-2, both against S. aureus ATCC 9144 as well as MRSA P.E. 9050, was found to be 15 mg/L. The MIC of COT was found to be 0.5 mg/L for S. aureus ATCC 9144 and 16 mg/L for MRSA P.E. 9050.
Fractional Inhibitory Concentration (FIC)
Sharp reduction in optical density was observed in the combination wherein the concentration of cryptdin-2 was 3.75 mg/L and COT was 1 mg/L. The FIC index was found to be 0.3125, which indicated in vitro synergy between the two agents.
Scanning Electron Microscopy
To investigate the possible mechanism by which cryptdin-2 exerts its anti-staphylococcal activity, morphology of peptide-treated bacteria was examined. After 60 min of incubation with sub-MIC values of cryptdin-2, COT and a combination of cryptdin-2 ? COT, all the staphylococcal cells revealed membrane wrinkling and probable leakage of cytoplasmic contents through the damaged cytoplasmic membrane (Fig. 1) . Maximum damage was observed in bacterial cells treated with the combination.
Therapeutic Potential of the Combination of Cryptdin-2 and COT Against Systemic MRSA Infection
Enumeration of Bacterial Load
Therapeutic efficacy of cryptdin-2 and COT when administered alone, as well as in combination, was investigated after 12-14 h of chemotherapy in terms of reduction in the bacterial load in various target organs of mice infected with MRSA P.E. 9050. In the livers of mice in the treatment group, log unit decrease in MRSA count was found to be 0.94 in group 4 but was found to decrease by 1.43 log units in case of Group 3 in comparison to the infected mice in Group 2. The most significant decrease was found in Group 5 with a value decreasing up to 3.01 log units in comparison to the infected group. Similarly, in spleens of treated mice belonging to Group 3, Group 4 and Group 5, 0.95, 1.03 and 2.71 fold log unit reduction was observed respectively. A similar decrease in log units was also observed in case of kidneys with a decrease of 0.5, 0.67 and 2.17 in case of Group 3, Group 4 and Group 5, respectively. Bacterial load reduction in Group 6 (wherein the mice were administered both the agents at half the concentration) was found to be of the same order as in Group 5 (Fig. 2) .
Histo-Architectural Studies
The photomicrographs of livers, spleens and kidneys of mice in all the groups have been shown in the Fig. 3, 4 and 5 respectively. Mice liver cells in Group 1 depicted mild cellular vacuolation and the spleen samples of the same group showed mild white pulp expansion, both of which were not considered significant. The kidneys also depicted normal morphology. On the contrary, liver tissue samples of the infected group showed multiple foci of inflammation along with signs of fatty change which lead us to conclude that the organ was heavily infected. The spleen of infected animals showed enlarged lymphoid tissue encroaching upon the red pulp area and the kidney showed a small focus containing lymphocytes, thereby confirming the systemic spread of infection. When cryptdin-2 was administered to mice post infection, liver, spleen and kidney tissue samples of the treated group indicated recovery. The liver had minor vacuolar degeneration and the spleen had minor follicular reactivity. The kidneys were found to be normal. On being treated with COT, the liver, spleen and kidney sections showed lymphocytic infiltration along with multiple foci of inflammation but the reaction observed was less severe than that of the infected group. The most significant results were obtained in Group 5 and 6 as the liver and spleen showed minor inflammation and the kidney depicted normal histological architecture.
Estimation of MDA as an Indicator of ROS Generation
A significant reduction in the amount of MDA, in comparison to the infected group, was observed in the livers, spleens and kidneys of mice treated with cryptdin-2 and cotrimoxazole alone (p \ 0.05). However, further blunting in the levels of MDA were observed (p \ 0.05) when mice were administered cryptdin-2 and COT, simultaneously. No significant difference was observed between Groups 5 and 6 when compared with the infected group (Fig. 6a) .
Estimation of Nitrite Levels
Infected mice that were administered cryptdin-2 and COT, demonstrated a significant decrease in nitrite levels, as observed in the liver tissue samples (p \ 0.05). Additionally, a significant reduction in the levels of nitrite were observed in liver tissues treated with cryptdin-2 and COT in combination (p \ 0.05). No significant difference was observed between Groups 5 and 6 when compared with the infected group (Fig. 6b) .
Estimation of Catalase Activity
It was observed that COT and cryptdin-2, when given alone, resulted in significant rise in the levels of catalase (p \ 0.05). However, no significant rise was obtained in Group 5 and 6 wherein the combination of these two antimicrobial agents was administered (Fig. 6d) .
Measurement of SOD Activity
Change in the functional status of SOD during Staphylococcus infection in mouse model was evaluated and it was found that a significant increase in the SOD levels was observed in the livers, spleens and kidney samples of cryptdin-2 and COT treated groups (p \ 0.05). The most significant results (p \ 0.05) were obtained in Group 5 and 6 (Fig. 6c) .
Discussion
Indiscriminate use of antibiotics along with non-compliance of patients in following the strict antibiotic regime prescribed by the physician is considered as one of the factors resulting in emergence of resistance in pathogens. This has out-paced the development of strategies for combating infections caused by these deadly pathogens [32] . In the face of this problem, scientists all over the world are being forced to look for other viable treatment options against these shrewd organisms [33] . A recent trend depicting the resurgence of efficacy of conventional antibiotics has intrigued the scientific community and in the current scenario, it becomes imperative to come up with strategies to at least, maintain the resurging activities of conventional antibiotics [34] . This being the hypothesis of the present study, COT was chosen on the basis of preliminary in vitro studies wherein the MRSA strain was observed to be intermediately sensitive to it. To further mitigate the chances of occurrence of resistance, previous studies have indicated the synergistic action of various peptides (e.g., alpha-helical peptide p18, HE2, colistin, cathelicidins, etc.) with commonly used antibiotics against many pathogenic microorganisms [22, 35, 36] . Therefore, the present study was designed to explore the efficacy of the combination of COT and cryptdin-2 against systemic MRSA infection in a mouse model. Interestingly, cryptdin-2 displayed the same MIC value against both, the standard S. aureus strain as well as the MRSA isolate indicating its equal effectiveness against both the strains at the same concentration, which can be attributed to the multi-prong approach exhibited by the peptide in its antibacterial mechanism. FIC index obtained using microtitre checkerboard assay substantiated the synergism between the two agents, wherein the FIC value of COT was observed to be sixteen times lesser than the value recorded when COT was used alone. Likewise, a fivefold decrease in the FIC value of cryptdin-2 was also observed. This clearly indicated that the combination was more effective at lower concentrations of the respective agents against the MRSA strain as compared to higher dose of the agents when used individually. This could be attributed to the fact that cryptdin-2 might have resulted in pore formation in the cell membrane of the target organism thereby allowing more penetration of COT which is known to interfere with the bacterial folate synthesis pathway resulting in cell death [37] . Additionally, it can be hypothesised that the presence of cryptdin-2 might lead to suppression of chromosomally transmitted mecA gene responsible for producing a protein PBP-2a which is not affected by the b-lactamase resistant penicillins [38] . All these mechanisms might have acted in a co-operative manner with each other, thereby reducing the dose of the respective agents. Further, reduction in the effective concentration of the antibiotic might also result in reduction of the associated side effects. In comparison to our earlier studies, cryptdin-2 appears to be more potent against S. aureus (Gram-positive organisms) as compared to Salmonella (Gram-negative organisms) which may be attributed to the difference in the membrane structures of the Gram-positive and Gram-negative organisms [39] . The efficacy of the combination was also reflected in the morphological alterations evaluated by SEM.
Further, in vivo studies were carried out to validate the above mentioned observation using Staphylococcus mediated systemic infection model. The study indicated a higher clearance of staphylococci in all the target organs when both the agents were used in combination. Furthermore, histological analysis of the target organs reflected restoration of normal histo-architecture in the adjunct group. Previously, combination studies employing RP-I along with vancomycin have demonstrated heightened efficacy against S. aureus infection model [40] . Similarly, maganin-II, cecropin A and vancomycin have also been reported to be effective against Staphylococcus infection in vivo [41] . It was also observed in our study that concentration of cryptdin-2 required for in vivo efficacy was much lower than the MIC recorded in vitro. This could be due to the inherent property of the peptide in causing immunomodulation in addition to possessing direct antibacterial activity [42] [43] [44] . Therefore, it is possible that exogenously administered cryptdin-2 might have been recognised as an effector molecule of innate immunity.
During the infection process, S. aureus encounters oxidative stress within the host tissues. This is exhibited in the form of oxidative burst resulting in production of a large number of toxic by-products and oxidative intermediates. It was interesting to note that treatment with the combination decreased the levels of oxidants, MDA (in all the tissue homogenates) and NO (particularly in liver homogenate). These findings have been further augmented by a previous study suggesting the role of antibacterial agents such as defensins in quenching the free radicals produced due to the interaction between the phagocyte and the bacterium [45] . It is also possible that direct killing of the peptide might have reduced the number of surviving bacteria resulting in quorum quenching and simultaneously proving insufficient to activate histiocytes. In case of antioxidants, maximum increase in SOD levels was found in the combination group, which points towards the immunomodulatory activity of cryptdin-2. However, no significant increase in the level of catalase was observed in the combination group which is in concordance with our earlier studies against Salmonella [22] . By this observation, it can be hypothesised that cryptdin-2 might operate by increasing the SOD levels rather than the catalase levels, for restoring the antioxidant activity of the host.
It can be concluded from the study that cryptdin-2 and COT combination might help in rejuvenating the use of conventional anti-staphylococcal antibiotics in the treatment of multidrug resistant strains of S. aureus. Therefore, the present study is indicative of rational use of previously efficacious antibiotics in combination with other effective molecules in order to maintain the sensitivity and to combat the emerging resistance in pathogens like S. aureus.
